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Background: Ischaemic preconditioning (IPC) and intermittent ischaemia (INT) reduce liver injury after
ischaemia reperfusion (IR). Steatotic livers are at a higher risk of IR injury, but the protection offered by IPC
and INT is not well understood. The aim of the present study was to determine the effectiveness of IPC
and INT in maintaining liver function in steatotic livers.
Material and methods: A model of segmental hepatic ischaemia (45 min) and reperfusion (60 min) was
employed using lean and obese Zucker rats. Bile flow recovery was measured to assess dynamic liver
function, hepatocyte fat content quantified and blood electrolytes, metabolites and bile calciummeasured
to assess liver and whole body physiology. Liver marker enzymes and light and electron microscopy were
employed to assess hepatocyte injury.
Results: IPC was not effective in promoting bile flow recovery after IR in either lean or steatotic livers,
whereas INT promoted good bile flow recovery in steatotic as well as lean livers. However, the bile flow
recovery in steatotic livers was less than that in lean livers. In steatotic livers, ischaemia led to a rapid and
substantial decrease in fat content. Steatotic livers were more susceptible to IR injury than lean livers, as
indicated by increased blood ALT concentrations and major histological injury.
Conclusion: INT is more effective than IPC in restoring liver function in the acute phase of IR in steatotic
livers. In obese patients, INT may be useful in promoting better liver function after IR after liver resection.
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Introduction
Ischaemia and reperfusion injury of the liver occurs during rep-
erfusion after liver resection with hepatic inflow occlusion
through clamping of the portal triad (Pringle manoeuvre), and
after liver transplantation.1–3 Patients with moderate to severe ste-
atosis are at a higher risk of liver failure and death after major liver
resection,4–6 and after liver transplantation.7–11 Steatotic livers are
more susceptible to ischaemia reperfusion damage than normal
livers.8,11–16 The present organ shortage in liver transplantation
could be reduced markedly if livers with a higher degree of ste-
atosis could be confidently used as donor grafts. A larger propor-
tion of obese patients could undergo successful liver resection if
there were available improved methods to reduce ischaemia rep-
erfusion damage in steatotic livers.
Ischaemic preconditioning (IPC) and intermittent ischaemia
(INT) have been employed to reduce liver injury and enhance
survival after ischaemia reperfusion (reviewed in2,17,18). While
there is some evidence from studies with animal models that IPC
and INT can reduce ischaemia reperfusion damage in steatotic
DOI:10.1111/j.1477-2574.2010.00160.x HPB
HPB 2010, 12, 250–261 © 2010 International Hepato-Pancreato-Biliary Association
livers,19–23 the effectiveness of these procedures has not yet been
fully evaluated. There is a need for a better understanding of the
effects of IPC and INT on steatotic livers in order to develop
improved strategies for the protection of steatotic livers from
ischaemia reperfusion damage.
Warm ischaemic reperfusion injury is described in terms of two
phases: the acute (early, 0–4 h after commencement of reperfu-
sion) phase and the late (4–48 h after commencement of reperfu-
sion) phase.2,18,24 Bile flow recovery after ischaemia reperfusion is a
sensitive indicator of early changes in liver function in the acute
phase of ischaemia reperfusion injury, and a valuable parameter
for assessing the effects of IPC and INT on dynamic liver function.
While bile flow is an established marker of liver function in ex vivo
perfusion models,25–27 there is limited information available for in
vivo models. We and others have shown that bile flow responds
very rapidly to ischaemia and reperfusion and that, in rat models
of ischaemia reperfusion injury, IPC and INT enhance bile flow
recovery.26,28–32 The aim of the present study was to test the effec-
tiveness of IPC and INT in maintaining liver function in the acute
phase of ischaemia reperfusion injury, assessed by measuring bile
flow recovery, in steatotic livers of genetically-obese Zucker rats.
As bile flow is an established indicator of dynamic liver function
(reviewed in18), we have used this parameter to assess the effects of
IPC and INT on the liver in the acute phase of ischaemia reper-
fusion injury.
Materials and methods
Animals and experimental design
Zucker rats33 were obtained from Harlan Sprague Dawley Inc.,
Indianapolis, Indiana, USA, and were housed in the Flinders
Medical Centre Animal House. Male obese (fa/fa) (11–45 weeks,
460–910 g) and lean heterozygous (FA/fa) rats (11–30 weeks,
weighing 430–600 g) were housed at 22°C, 60% humidity, with a
12-h light/dark cycle and free access to food and water. Animals
received humane care, and the experimental protocols were con-
ducted according to the criteria outlined in the ‘Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes’
(National Health and Medical Research Council of Australia).
Zucker (fa/fa) rats express a missense mutation in the leptin
receptor34 leading to an almost complete loss of leptin receptor
function and hence, loss of response to leptin. This leads to
increased food intake, altered lipid and carbohydrate metabolism,
including development of obesity, a fatty liver and decreased
energy expenditure.35 In obese Zucker rats, steatosis of the liver is
not associated with inflammation, which is a shortcoming in
many othermodels of obesity, such as those which employ ethanol
ingestion or diets deficient in choline.23
Lean and obese rats were randomly allocated into groups (four
rats per group). Control group: common bile duct cannulation
and bile flow measurement for 125 min. Continuous clamping
(CC) group: common bile duct cannulation and bile flow mea-
surement for 20 min with normal inflow to the liver followed by
clamping for 45 min of the portal vein and hepatic artery to the
medial and left lateral lobes, followed by 60 min of reperfusion.
Ischaemic preconditioning (IPC 10/10) group: common bile duct
cannulation and bile flow measurement for 20 min with normal
inflow to the liver followed by 10 min of clamping, 10 min of
reperfusion, 45 min of clamping, followed by 60 min of reperfu-
sion. Intermittent ischaemia (INT) group: common bile duct
cannulation and bile flow measurement for 20 min with normal
inflow to the liver followed by three episodes of 15-min clamping
with an interval of 15 min of reperfusion between episodes, then
60 min of reperfusion.
Surgical procedure
The experiments employed an established model of segmental
(60%–70%) hepatic ischaemia and reperfusion36 in which the
bilateral median and left lateral lobes were made ischaemic,
whereas the right lateral and caudate lobes remained non-
ischaemic. Anaesthesia using isoflurane, midline laparotomy, can-
nulation of the bile duct and collection of blood and liver samples
were conducted as described previously.31 Periodic clamping of
the hepatic pedicle was performed as follows: microvascular
clamps (straight, 15 mm length, 6 ¥ 1 mm jaw dimensions, 100 g
clamping pressure; Fine Science Tools Inc., Foster City, CA, USA)
were placed on the portal vein and on hepatic artery branches
above those leading to the right lateral and caudate lobes.
Measurement of bile flow
Bile flow was measured as described previously.31 For each liver,
the bile flow recovery was estimated by dividing the value at the
end of the reperfusion period by the average of the baseline
bile flow values, and was expressed as a percentage of the base line
bile flow. For the continuous clamping, IPC and INT groups,
total bile secretion during the 60-min reperfusion period was also
determined by measuring the area under the curve. Initial rates of
increase in bile flow after commencement of the 60-min reperfu-
sion were determined by linear regression (PRISM) using the first
five time points.
Concentrations of liver marker enzymes, electrolytes
and metabolites in blood and bile
Blood was collected in the presence of an anticoagulant. The
concentrations of alanine transaminase (ALT), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), potas-
sium, creatinine, urea, glucose, calcium, albumin and total protein
in plasma, and concentrations of calcium in bile were measured
spectrophotometrically using an Hitachi 917 auto analyser
(Hitachi Australia Pty Ltd, North Ryde, Australia) and standard
Roche-Hitachi methodology.
Assessment of liver histology
Liver tissue fixed in paraformaldehyde was embedded in paraffin,
sectioned (3 mm thick), stained with hematoxylin and eosin, and
analysed histologically in a blinded fashion. The severity of
hepatic cell injury was evaluated by an established point-counting
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method.23 The grades employed were: 0, minimal or no evidence
of injury; 1,mild injury consisting of cytoplasmic vacuolation and
focal nuclear pyknosis; 2, moderate to severe injury with extensive
nuclear pyknosis, cytoplasmic hypereosinophilia, and loss of
intercellular borders; and 3, severe necrosis with disintegration of
hepatic cords, haemorrhage and neutrophil infiltration.
To quantify the amount of fat in livers, liver sections stained
with hematoxylin and eosin were imaged using an Olympus BX41
microscope (Olympus Australia Pty Ltd, Mt Waverley, Australia)
using a ¥20 objective lens. Ten images were obtained from each
section of the ischaemic and non-ischaemic lobes. Images were
1024 ¥ 1360 pixels, 72 dpi, and were randomized and analysed
blind. Fat-content analysis was performed with Adobe Photoshop
CS3 Extended version 10.0.1. Using Photoshop, macroscopic and
microscopic fat globules were selected based on their size, colour
and circularity using automated selection tools. Care was taken to
ensure that sinusoidal space, artery, vein and bile canaliculi were
not included in the fat analysis. The proportion of fat in each
image was obtained using the pixels representing fat and total
pixels in the image. In each image, the area occupied by macro-
scopic and microscopic fat globules was expressed as a proportion
of the total area of the liver section. The amount of fat in each liver
was then expressed as a percentage of the liver wet weight.
Transmission electron microscopy
Liver tissue samples for transmission electron microscopy (TEM)
examination were fixed in a solution containing 4% (v/v)
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) (phosphate
buffer) to which 2% (v/v) glutaraldehyde was added. The tissues
were left overnight in the fixative at 4°C and further trimmed into
smaller cubes on the following morning. The tissues were then
rapidly washed in three changes of phosphate buffer and post-
fixed in 1% (w/v) osmium tetroxide (in phosphate buffer) for 1 h.
After post-fixation, the tissues were dehydrated through an
ascending series composed of alcohol, two changes of propylene
oxide, and a mix (50:50) of propylene oxide and resin (Durcupan:
Sigma; Sigma-Aldrich Pty Ltd, Castle Hill, Australia) at room
temperature for 1–2 h. The tissues were then infiltrated with pure
resin overnight at room temperature. The tissues were embedded
in rubber moulds with pure resin and left to cure at 60°C for 48 h.
Thick sections (1 mm) were cut on an ultramicrotome and stained
with 1% (w/v) toluidine blue in 1% (w/v) borax for light micro-
scopic examinations. Ultra-thin sections (80–100 nm) were
stained with uranyl acetate and lead citrate and then viewed with
a JEOL 1200-EX transmission electron microscope.
Statistical analysis
Statistical analysis was performed using SPSS Inc., Chicago, IL,
USA. Continuous variables between groups were compared with
one-way analysis of variance (anova) with post-hoc contrast
(Bonferroni). Mean values between groups in steatotic and lean
livers were compared using independent Student’s t-test and
Levene’s test for equality of variances, and Welsh t-statistic (as
indicated in the text). Statistical significance was accepted when
P-values were less than 0.05.
Results
Bile flow
The rate of bile flow (expressed as mL/g wet wt liver per min)
measured in control steatotic livers was lower than that in control
lean livers, as reported previously (Fig. 1b cf. 1A).8,15,37,38 In lean
livers in the control group, the rate of bile flow remained constant
over time for 120 min (Fig. 1a), whereas in steatotic livers the rate
decreased slightly over this time (Fig. 1b). Continuous clamping
(CC) caused the rate of bile flow to decrease to zero, with some
recovery during the 60-min reperfusion period (Fig. 1a). The
extent and rate of recovery of bile flow during 60-min reperfusion
in steatotic livers were similar to the values for these parameters in
lean livers [Figs 1,2 and Table 1 (initial rate of bile flow recovery)].
IPC caused a small enhancement of the rate of recovery of bile
flow in lean and steatotic livers (Table 1). By contrast, in both lean
and steatotic livers, INT led to a substantial enhancement in bile
flow recovery (Figs 1,2 and Table 1). The rate of recovery of bile
flow in steatotic livers subject to INT was about 50% of that in
lean livers and the extent of recovery, as indicated by total bile
secretion, was also less in steatotic livers (Table 1).
Hepatocyte fat content
The fat content of steatotic livers was 100 times greater than that
of lean livers (Fig. 3b cf. 3A). In the ischaemic lobes of steatotic
livers, continuous clamping, IPC and INT each caused a substan-
tial decrease in fat content when compared with that in the
corresponding normal lobes of control livers (Fig. 3b). In the
non-ischemic lobes of steatotic livers, IPC but not continuous
clamping or INT caused a substantial decrease in fat content in the
non-ischaemic lobe (Fig. 3b). In both the ischaemic and non-
ischaemic lobes of lean livers, there was no change in fat content
with continuous clamping, IPC or INT (Fig. 3a, inset).
Blood electrolytes and metabolites
Obese rats showed an increase in post-perfusion blood potassium
concentrations for all groups. This may be due, in part, to acidosis
resulting from the ischaemia. In lean rats, only the IPC group
exhibited an increased blood potassium concentration (Fig. 4a,b).
No substantial changes in blood sodium concentration were
observed (results not shown). The post-perfusion blood concen-
trations of creatinine, urea and glucose were each increased to a
similar extent in lean rats in each of the continuous clamping, IPC
and INT groups (Fig. 4c,e,g). In obese rats the changes in post-
perfusion blood creatinine and urea concentrations were similar
in magnitude to those observed in lean rats with the creatinine
concentration highest in the IPC group (Fig. 4d,f cf. 4c,e). Post-
perfusion blood glucose and lactate concentrations in obese rats
were higher than those for lean rats (Fig. 4h cf. 4g and Table 2).
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In lean rats, continuous clamping, IPC and INT each led
to a small decrease in blood total calcium concentrations when
the post-perfusion value was compared with the value at the
beginning of the experiment (Fig. 4i). No decrease in blood
calcium concentration was observed in the control group.
The decrease in blood total calcium concentration is probably as
result of a decrease in blood albumin concentration caused
by increased vascular permeability. Thus in the lean IPC
group the plasma concentrations of total protein and albumin
decreased by 21.6  3.2 (n = 3) and 24.1  3.4 (n = 3)%,
respectively. In obese rats, no decrease in the post-perfusion
blood calcium concentration compared with the pre-perfusion
value was observed for any of the four groups (Fig. 4j).
To assess the effects of ischaemia and reperfusion on the trans-
port of calcium into bile fluid, bile total calcium concentrations
were measured in rats subject to IPC. In lean rats, the rate of
secretion of calcium into the bile decreased from a baseline value
of 4.1  0.1–2.3  0.1 nmol/min per g wet wt liver
(means  SEM, n = 4) (P < 0.01) (Student’s t-test for unpaired
samples) at the end of the reperfusion. The corresponding values
for obese rats were 2.3  0.1 and 1.1  0.01, respectively (n = 4,
P < 0.05).
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Figure 1 Intermittent ischaemia enhances the recovery of bile flow in lean livers subjected to ischaemia reperfusion, but is less effective in
steatotic livers. The liver lobes of lean (A) and obese (B) rats were subjected to no clamping (Control), continuous clamping (CC), ischaemic
preconditioning (10 min clamping, 10 min perfusion) (IPC) and intermittent ischaemia (three cycles of 15 min clamping and unclamping) (INT)
regimes. The 60-min reperfusion period (indicated by the horizontal bar) began at 0 min in all groups. The results (expressed as ml bile
fluid/min per g wet weight of liver) are the means  SEM of four livers in each group. The degree of significance, determined using the
independent Student's t-test for unpaired samples, for a comparison of all values for the control condition for steatotic livers with all values
for the control condition for lean livers was P < 0.0001
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Leakage of liver marker enzymes
In lean rats, continuous clamping, INT and IPC each resulted in
an increased post-perfusion blood ALT concentration (Fig. 5a).
There was no significant difference between the blood ALT
concentrations for either IPC or INT compared with the
value for the continuous clamping group (Fig. 5a). In obese
rats, continuous clamping, INT and IPC each resulted in a
much greater increase in the post-perfusion blood ALT concen-
tration compared with the increase observed in lean rats (Fig. 5b
cf. 5a). In obese rats, IPC resulted in a substantially higher blood
ALT concentration compared with that observed after
INT (Fig. 5b). Changes in the blood concentrations of AST
and LDH were similar to those observed for ALT (results not
shown).
Histopathology
In livers of the lean control group, the normal lobes exhibited an
injury score of below 0.5 [range 0 (no detectable injury) to 3
(extensive injury)], suggesting some minor histopathological
damage. The injury score for the ischaemic lobes of each of the
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Figure 2 Intermittent ischaemia enhances the recovery of bile flow (expressed as a percentage of the baseline value) in lean livers subjected
to ischaemia reperfusion, but is less effective in steatotic livers. For each individual liver in the experiments shown in Fig. 2, the rate of bile
flow at the 60 min after initiation of reperfusion was expressed as a percentage of the mean value (for that liver) of the baseline values
obtained in the first 20 min (i.e. before clamping the blood vessels). The data are the means  SEM (n = 4). Degrees of significance
(independent Student's t-test for unpaired samples) for comparison of the value for the intermittent ischaemia (INT) group with that for the
continuous clamping (CC) group for lean and steatotic livers are: *P < 0.05 and **P < 0.01
Table 1 Effects of intermittent ischaemia and ischaemic preconditioning on the rate and extent of bile flow recovery in lean and steatotic
livers
Liver Condition Initial rate of bile flow
recovery (mL/g.min per min)
Total bile secretion in
60 min (mL/g)
Lean Continuous clamping 0.015  0.002 (4) 24.8  2.3 (4)
Ischaemic preconditioning 0.022  0.003 (4) 33.1  6.5 (4)
Intermittent ischaemia 0.051  0.006 (4)*** 58.7  3.8 (4)**
Steatotic Continuous clamping 0.011  0.002 (4) 14.2  3.4 (4)
Ischaemic preconditioning 0.007  0.001 (4) 14.0  1.7 (4)
Intermittent ischaemia 0.023  0.003 (4)* 29.5  3.8 (4)*
The values are the means  SEM of the number of experiments indicated. The degrees of significance, determined using the independent Student's
t-test for unpaired samples, are: *P < 0.05; **P < 0.01; and ***P < 0.001 for comparison of intermittent ischaemia (INT) with continuous clamping.
Table 2 Post-perfusion blood lactate concentrations in lean and obese rats
Liver Condition Blood lactate concentration (mmol/L)
Lean rats Obese rats
Lean Control 3.3  0.6 (4) 5.8  0.6* (4)
Continuous clamping 5.6  1.1 (4) 6.1  1.0 (4)
Ischaemic preconditioning 3.7  0.5 (4) 5.6  1.0 (3)
Intermittent ischaemia 4.7  0.5 (4) 6.2  0.5 (4)
The values are the means  SEM of the number of experiments indicated. The degree of significance for comparison of the post-reperfusion value
for control obese rats with the value for control lean rats, determined using the independent Student's t-test for unpaired samples, is: *P < 0.05.
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continuous clamping and IPC groups was greater than that of the
corresponding normal lobe of the control group, whereas the
score for the ischaemic lobe of the INT group was similar to that
of the control (Fig. 6a). The main histopathological features
observed were cytoplasmic vacuoles, pyknotic nuclei and cyto-
plasmic hypereosinophilia (not shown). Cytoplasmic vacuolation
was the most prominent change, and was seen in less than 5% of
all hepatocytes. Hypereosinophilia was less frequent and nuclear
pyknosis was rare. The injury scores observed after 60-min reper-
fusion were very much lower than the scores observed in livers
subjected to 24-h reperfusion after 45 min of continuous clamp-
ing (indicated in Fig. 6 by the closed circle).
For steatotic livers in the control group, the injury score for each
of the normal lobes was twice that of the corresponding lobes in
the lean livers (Fig. 6b, control cf. Fig. 6a, control). IPC, but not
continuous clamping or INT, resulted in an increase in the injury
score in the ischaemic lobes of steatotic livers (Fig. 6b). For the
non-ischaemic lobes of lean and steatotic livers there was no sig-
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Figure 3 Comparison of the fat content of lean (a) and steatotic (b) livers, and effects of continuous clamping (CC), ischaemic preconditioning
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nificant difference between each of the continuous clamping, IPC
and INT groups and the control group (Fig. 6a,b).
Electron microscopy
Morphological changes, induced by continuous clamping, were
further evaluated using transmission electron microscopy. Com-
parison of steatotic with lean liver sections, prepared for electron
microscopy, stained with toluidine blue and examined by light
microscopy, shows extensive fat deposits in steatotic liver tissue
(Fig. 7d–f cf. Fig. 7a–c). A noticeable feature in both lean and
steatotic liver sections is the accumulation of blood cells in sinu-
soids (Fig. 7b,c,f). In electron micrographs of sections from stea-
totic livers, lipid droplets of varying sizes were observed in the
hepatocytes (Fig. 8g–l cf. 8a–e). In addition to the high concen-
tration of fat globules, abnormally-shaped and dark-staining
mitochondria were frequently observed in steatotic livers
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experiments. Degrees of significance, determined using Welsh t-statistic, for comparison of the post-perfusion injury score for each of the
CC, INT and IPC groups with the post-perfusion injury score for the control group are: *, P < 0.05. Degrees of significance, determined using
Welsh t-statistic, for comparison of the injury score for steatotic liver with the injury score for lean liver for the ischaemic lobes are: control,
P < 0.05, CC, not significant, IPC, P < 0.05, and INT, P < 0.05; and for the non-ischaemic lobes: control, P < 0.05, CC, P < 0.05, IPC, P <
0.05 and INT, P < 0.05. The solid circle (grading of 3) shown in each panel represents the degree of injury observed in lean livers subject to
24 h reperfusion after 45 min ischaemia (C. Buis et al. unpublished data)
HPB 257
HPB 2010, 12, 250–261 © 2010 International Hepato-Pancreato-Biliary Association
(Fig. 8h). In the ischaemic lobes of both lean and steatotic livers,
blood cells which had accumulated in the sinusoids could often be
observed (Fig. 8f,j,k), the periphery of hepatocytes bordering the
sinusoids often appeared faint and indistinct and the space of
Disse disorganized and not always present (Fig. 8f). These features
suggest damage to the hepatocyte cell surface and the adjacent
perisinusoidal space in ischaemic liver. In addition, dark staining
bodies resembling lysosomes or peroxisomes were frequently
observed in the hepatocytes of the ischaemic lobes (Fig. 8d,e,l).
Bile canaliculi in the ischaemic as well as the non-ischaemic lobes
of both lean and obese livers exhibited normal morphology
(Fig. 8a,e,i,l).
Discussion
The aim of the present study was to compare the effectiveness of
IPC and INT in maintaining liver function in the acute phase of
ischaemia reperfusion injury in steatotic livers with their effective-
ness in lean livers. The main findings can be summarized as
follows: (i) IPC caused a small enhancement of bile flow recovery
after ischaemia reperfusion in lean livers but had no effect on
steatotic livers; (ii) INT promoted good bile flow recovery after
ischaemia and reperfusion in both lean and steatotic livers, but the
restoration of bile flow in steatotic livers was less than that in lean
livers; (iii) in steatotic livers, ischaemia led to a rapid and substan-
tial decrease in fat content; and (iv) steatotic livers are more sus-
ceptible than lean livers to ischaemia reperfusion injury, as
indicated by increased blood ALT concentration and increased
histological damage compared with the values for these param-
eters in lean rats. The observation that the effect of IPC on bile
flow recovery in lean livers of Zucker rats is small relative to that
of INT is consistent with our previous observations with Sprague–
Dawley rats. These showed a small enhancement of bile flow
recovery by IPC, but much larger enhancements by 3–6 cycles of
INT.39
It seems remarkable that there is such a substantial decrease in
fat content in livers subject to ischaemia (clamping) during a
relatively short period of time – 45 min ischaemia and 60-min
reperfusion. A dramatic reduction in hepatic steatosis has been
reported after transplantation in patients who have received a
Lean
Obese
A B C
D E F
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Figure 7 Photomicrographs of toluidine blue stained sections of lean and steatotic livers subjected to continuous clamping. (A–C) Repre-
sentative sections of lean liver lobes. (a) Low power image of right lateral and caudate (non-ischemic) lobes showing little fat deposits in the
hepatocytes and little or no accumulation of blood cells in the sinusoids. (b, c) Bilateral median and left lateral (ischaemic) lobes showing
little fat deposits in hepatocytes and accumulation of blood cells in the sinusoids. (D–F) Representative sections of steatotic liver lobes. (d,
e) Right lateral and caudate (non-ischemic) lobes showing extensive fat deposits in hepatocytes and little accumulation of blood cells in the
sinusoids. (f) Bilateral median and left lateral (ischaemic) lobes showing extensive fat deposits in hepatocytes and blood cells accumulated
in the sinusoids. The magnification is 100 times for each panel, except B which is 200 times
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graft with severe steatosis.10 The decrease in fat observed in the
present study most probably results from the rapid metabolism of
triglyceride stored in lipid droplets.40 This rapid metabolism of
lipids may partly be a response to low intracellular ATP concen-
trations resulting from low O2 concentration during ischaemia.
During the reperfusion phase, when O2 concentrations are
increased, fatty acids derived from triglycerides may be a preferred
source of reducing equivalent for the generation of ATP by oxi-
dative phosphorylation. The rapid metabolism of lipids during
the reperfusion phase may also be because of other oxidation
reactions which lead to the formation of peroxides and hydrop-
eroxides. These reactive oxygen species may then induce damage
to hepatocytes, including the observed alterations in the morphol-
ogy of mitochondria.
IPC led to a decrease in the fat content of the non-ischaemic as
well as the ischaemic liver lobes. In comparison, the continuous
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Lean liver, ischaemic lobe
Steatotic liver, non-ischaemic lobe
Steatotic liver, ischaemic lobe
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Figure 8 Electron micrographs of lean and steatotic livers subject to continuous clamping. (a–f) Sections of lean livers. Right lateral and
caudate (non-ischaemic) lobes showing bile canaliculus (a), a hepatocyte bordering on a sinusoid with a distinct space of Disse (b) and
normal mitochondria (c). Bilateral median and caudate (ischaemic) lobes showing light and dark staining mitochondria (d), a normal bile
canaliculus (e) and accumulation of blood cells in sinusoids where no distinct space of Disse and endothelial lining can be recognised (F).
(g–l) Sections of steatotic livers. Right lateral and caudate (non-ischemic) lobes showing extensive fat droplets in hepatocytes (g), dark
staining mitochondria with abnormal shapes (h), and an intact bile canaliculus (i). Bilateral median and left lateral (ischaemic) lobes showing
large accumulation of blood cells in sinusoids (j, k), no distinct space of Disse (j), and a normal bile canaliculus (l)
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clamping and INT regimes led to a decrease in fat content only in
the ischaemic lobe. The results of other studies indicate that
cytokines and other signalling molecules released from an
ischaemic liver lobe can affect the non-ischaemic lobe.2,18 The
present observations suggest that the effect of IPC on the non-
ischaemic liver lobes is greater than that of continuous clamping
or INT. IPC may be more detrimental than either continuous
clamping or INT in the generation of damaging reactive oxygen
species. In steatotic livers, IPC was also associated with blood ALT,
creatinine, and potassium concentrations, and histopathology
injury scores, which were higher than those for the continuous
clamping and INT groups.
While INT lead to a better restoration of bile flow compared
with that in the continuous clamping group at 60 min after ini-
tiation of reperfusion, it did not lead to a decrease in blood ALT
concentrations measured at this time. This indicates that in the
acute phase of ischaemia reperfusion injury, the mechanisms
leading to impaired bile flow are different from those causing
ALT release (cf.41,42). ALT is a cytoplasmic enzyme and is released
from hepatocytes upon damage to the plasma membrane.43 The
early phase of reperfusion after ischaemia involves alterations in
blood flow, an increase in the cytoplasmic Ca2+ concentration,
generation of reactive oxygen species and impairment of hepa-
tocyte mitochondrial function and hence ATP synthesis.2,3,17,18,44,45
As discussed above, the results of electron microscopy showed
that ischaemia was associated with the accumulation of blood
cells in sinusoids and altered mitochondrial structure. Changes
in blood flow, hepatocyte Ca2+ and mitochondrial function
might principally affect bile flow,46,47 whereas the generation of
reactive oxygen species may principally affect cell membranes
and ALT release.
One technical issue encountered in these studies is worthy of
note. In preliminary experiments with Zucker rats (results not
reported here), the use of ketamine and xylazine as the anaesthetic
resulted in considerably lower rates of bile flow recovery after
ischsemia and reperfusion, and in considerable mortality during
the experiment, especially in obese Zucker rats. In contrast, with
isoflurane as anaesthetic, bile flow recovery was greater and there
was no mortality attributable to anaesthetic-induced stress in
obese Zucker rats. The improvement provided by the use of
isoflurane may also be related to observed beneficial effects of
pharmacological preconditioning with this volatile anaesthetic.48
Ketamine-xylazine is employed as an anaesthetic in some studies
of ischaemia reperfusion using animal models. The present results
suggest that some caution should be exercised in using ketamine-
xylazine.
It is concluded that, in steatotic livers which are more suscep-
tible to ischaemia reperfusion injury, INT, but not IPC, is effective
in restoring liver function after ischaemia reperfusion. The poten-
tial beneficial effects of INT compared with IPC may be due, in
part, to lower liver lipid hydrolysis. INTmay promote better hepa-
tocyte and liver function than either continuous clamping or IPC
after the surgical resection of steatotic livers.
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